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Transient defects in potassium dihydrogen phosphate ~KDP! were characterized by using the acoustic signals
generated in the crystal when it is impinged with pulsed laser radiation. These defects are produced by
simultaneous absorption of two l5266 nm photons and they show linear absorption in the visible and UV
spectral region. The decay kinetics of the defects has been studied by a new method based on the analysis of
the acoustic signal generated by visible pulses. The acoustic measurement of the decay time shows a nonex-
ponential decay and it is free from thermal lensing or beam deformation by other causes, effects that can alter
the pure optical measurements. We propose that the origin of the photoacoustic signal is the heat released by
the deexcitation of the energy levels of the defects when they are excited by visible pulses. This mechanism,
optical absorption and nonradiative relaxation of defects, could be the reason for some depletion in the yield of
several devices based on KDP. This phenomena must be carefully taken in account, when KDP crystals are
used in combination with Nd:YAG ~YAG, yttrium aluminum garnet! lasers for second-harmonic generation
from l5532 nm to l5266 nm.
DOI: 10.1103/PhysRevB.69.224102 PACS number~s!: 61.80.2x, 42.65.Ky, 77.84.FaI. INTRODUCTION
Potassium dihydrogen phosphate~KDP! crystals are prob-
ably the most extensively used material in nonlinear optics
because of its extended applications as second-harmonic
generators, optical switches, parametric oscillators, or optical
parametric amplifiers.
Over the past decades, it has been studied transient de-
fects ~TR defects! generated in KDP crystals by
X-radiation,1–3 g-radiation,4,5 particle electron bombard-
ment,6,7 and UV (l5266 nm, l5355 nm) radiation.3,8–10
The optical absorption spectra of TR defects measured im-
mediately after the irradiation or bombardment have a broad
band spectra in the region from 1.5 to 5.5 eV. TR defects in
KDP absorb light very efficiently all over the visible spec-
trum. They are not permanent and they can be bleached by
irradiation or heating. The decay of the transient absorption
is not a single exponential but details of its kinetics are not
well known.
For UV irradiation, it is accepted that TR defects are pro-
duced by two-photon absorption when an electron-hole pair
is produced in the bands of the material. The pair relaxes
partially and electron-hole can be stabilized in a couple of
positive and negative traps as it is common for color centers
in alkaline halides.
Still now there is not a definitive identification of the na-
ture of the traps but it is generally accepted the involvement
of the PO4H2
2 group in the optical active center/s. Pump and
probe Raman experiments have shown that the intensity of
the PO4 vibrational mode at 915 cm21 is increased when
defects are present.10 At least three TR-defects with these
characteristics were identified by electron paramagnetic reso-
nance ~EPR!, KDP and NH4H2PO4 ~ADP!: the A radical
(PO4H2) representing a hole localized at one oxygen near a
proton vacancy in the basic unit; the B radical (PO4H2) that0163-1829/2004/69~22!/224102~6!/$22.50 69 2241is a self-trapped hole at the basic unit, and the D radical
(PO4H32) that is a neutral hydrogen H0 localized near the
basic group. The A and B radicals represent hole traps while
the D radical is an electron trap.7 Other electron trap pro-
duced during UV irradiation at low temperature is the neutral
hydrogen H0 itself that can be considered the complementary
defect of the A radical. At 77 K, irradiation of KDP produces
a concentration of A radicals and H0 centers as high as
1018 cm23.3
It is well known from the literature that the analysis of the
photoacoustic signals generated by pulsed laser excitation
can be used as a sensitive and accurate technique to study
several physical phenomena in solids. For example, phase
transitions11–14 and luminescent quantum efficiencies,15,16
were determined in this way.
In this line, Tocho et al.17 have explored the phase match-
ing conversion from 532 nm to 266 nm in KDP crystals by
the photoacoustic technique. That work concluded that the
amount of heat produced by the absorption of linear and
nonlinear UV radiation by the crystal could not explain com-
pletely the photoacoustic signal generated in their experi-
ments. The authors suggest that TR defects generated during
irradiation could contribute to an essential part of the pho-
toacoustic signal when these crystals are impinged with
nanosecond-laser pulses in the visible and UV spectrum. TR
defects absorb light increasing the local temperature of the
illuminated volume. The surface of this volume suffers an
expansion and contraction by means of the thermoelastic ef-
fect, generating photoacoustic signal.
Apart from point defects, other mechanism for the gen-
eration of acoustic signals in irradiated KDP must be consid-
ered. As it was demonstrated in NaCl and SiO2 samples,
strong acoustic signals can be produced by generating free
electrons and, subsequently, heating them via free electron-
photon-lattice interaction.18 In a two wavelength experiment,©2004 The American Physical Society02-1
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other pulse produces the lattice heating, the acoustic signal
occurs only for very short delay times, no more than the
pulse duration because the lifetimes of free carriers are ex-
tremely short ~picosecond!. On the other hand, as the lifetime
of TR defects occurring in KDP are quite much longer,
acoustic signals produced by absorption of TR defects could
be generated for longer delays than picosecond.
The present work is aimed to go deeper in a physical
explanation of the origin of the photoacoustic signal gener-
ated when KDP crystals are irradiated by UV, visible, or both
types of pulsed radiation. Also, we explore the capability of
the photoacoustic methods for the study of TR defects gen-
erated in KDP. Better knowledge of these aspects are very
important in technological applications because they are con-
nected with the efficiency of nonlinear processes that lead to
UV generation and with the optical performance of KDP
when these crystals are used directly exposed to UV radia-
tion of high power. We explore the TR defects by using the
acoustic signal after UV or visible absorption. As it will be
discussed in this work, the photoacoustic technique can be
used to get complementary information in relation to experi-
ments performed with conventional optical techniques.
II. EXPERIMENT
Experiments were performed with two different KDP
crystals. Sample 1, a cube of 1 cm3 size, was a very old one
manufactured by Lasermetrics Inc.,19 in the early eighties for
doubling l5600 nm radiation in a phase matching type-I
arrangement. Sample 2 was a fresh one grown at Moscow,
Russia in 2000. It had a size of 13130.5 cm3 and it was cut
for second harmonic generation of 1060 nm. No substantial
differences were found in the experiments performed with
the two samples. Thereafter we present the data correspond-
ing to sample 2. In the experimental arrangement used in this
work, laser pulses ~10 ns! of a Nd: YAG~YAG, yttrium alu-
minum garnet! Q-switch laser converted to the second har-
monic (l5532 nm) and to the fourth harmonic (l
5266 nm) were used to irradiate the KDP crystal. By using
appropriate shutters, single pulse selected from the train of
pulses emitted for the laser or the train itself were used de-
pending on the experiment. Time separation between pulses
in the train can be changed from 0.5 s to 2 s. The acoustic
signal was detected by using a home-made piezoelectric
transducer~PZT! ~resonance at 200 kHz! glued directly to the
crystal. Signal was registered directly in a digital oscillo-
scope without any further amplification. Optical energy was
measured with two pyroelectric detectors. Optical measure-
ments of decay times of the transient defects generated with
UV radiation were performed using a cw He-Ne (l
5633 nm) laser as a probe beam. The probe beam passed
trough the irradiated crystal and the transmitted light was
detected with a silicon photodiode. Transient optical spectra
in the region from l5200 nm to l5800 nm was studied
with a mechelle spectrograph ~Mechelle 900, Multichanel
Instruments, Sweden! in combination with the emission of a
high-pressure Xe lamp. Since the irradiation was confined to224101 mm diameter spot, the spatial superposition of different
beams inside the crystal was easy to obtain.
The photoacoustic signals produced in KDP after l
5266 nm or l5532 nm pulsed excitation were studied in
terms of the following sample irradiation conditions: in some
experiments the sample was treated with l5266 nm radia-
tion before measurement; in other experiments the sample
was free of any UV treatment. In all the experiments realized
in this work, laser induced damage did not take place neither
in the bulk nor in the surface of the crystal, during the radia-
tion of the sample. If laser damage takes place in the experi-
ment, it is possible to detect it by an increase on the photoa-
coustic signal when the experiments reach again the initial
conditions, after photoacoustic measurements. In the experi-
ments mentioned above we did not observe this effect.
III. RESULTS AND DISCUSSION
Figure 1~a! shows a typical acoustic signal detected when
a KDP sample is irradiated with UV pulses (l5266 nm) of
2 MW/cm2 (20 mJ/cm2). In this figure, it can be seen the
well known ringing due to PZT resonance and some pertur-
bations due to acoustic reflections on the surfaces of the
sample. To avoid any of those effects, we measured the peak
amplitude of the first oscillation ~PAS in the figure! as the
magnitude representative of the acoustic signal.
If the crystal is irradiated with visible light at moderate
fluences, no acoustic signals were observed. The result
shown in Fig. 1~b! corresponds to an experiment in which
the KDP crystal was irradiated with l5532 nm pulses of
100 MW/cm2 (1 J/cm2). The crystal was oriented far away
from phase matching angle ~for second harmonic generation!
FIG. 1. Detected acoustic signals from a KDP crystal irradiated
with ~a! 266 nm pulses of 2 MW/cm2, ~b! 532 nm pulses of
100 MW/cm2, and sample without any UV previous treatment, ~c!
both irradiations simultaneously.2-2
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1~c! shows the acoustic signal detected when KDP is simul-
taneously irradiated with l5266 nm pulses with the same
energy as in ~a!, and with l5532 nm pulses with the same
energy as in ~b!. Alternatively we studied the acoustic signal
generated with a green pulse of the same energy as in ~b! but
delayed in 0.5 s from the last UV pulse. The detected signal
was very similar to the signal corresponding to signal ~c!
subtracted from signal ~a!. This result is against the partici-
pation of the heating of free electrons as the mechanism re-
sponsible for the acoustics signal. This conclusion is based
on the fact that the lifetime of free carriers in solids is esti-
mated in a few picoseconds.
TR defects generated for a train of UV pulses can be seen
by the naked eye as a gray track in the bulk of the crystal.
Absorption spectra of this zone were made; it shows absorp-
tion from UV to near infrared. The spectra is very similar to
that reported in the literature,7–9 showing that the same type
of species are generated. Because TR defects absorb light
very efficiently at l5266 nm and l5532 nm, its nonradia-
tive relaxation must be considered in the generation of the
photoacoustic signals at the conditions of this work.
Let us start with the situation corresponding to UV irra-
diation alone. It is accepted that the first stage is a free carrier
generation by two photon absorption of UV and the stabili-
zation of the carrier as TR defects. After that, two possible
photoacoustic generation mechanisms can be considered. In
the first mechanism, the TR defect is formed in an excited
state. Then, the acoustic signal is due to the heat released
during the rapid relaxation of these species to its ground
energy state. In this situation, PAS will be independent of the
amount of TR defects present in the sample. This mechanism
will be called ‘‘one-step’’ model. The other possible mecha-
nism assumes that photoacoustic signal is originated by a
nonradiative relaxation after a linear absorption of UV radia-
tion by the TR defects. This representation, called ‘‘two-
step’’ model, should produce a photoacoustic signal that fol-
lows the amount of TR defects present in the sample.
In order to explore which of both models is the most
appropriate to explain the origin of the acoustic signal, the
following experiments were performed. In a first experiment
@Fig. 2~a!#, the crystal was irradiated with several UV pulses
of high fluence till time zero ~see irradiation scheme indi-
cated in the inset!. At this time, the energy of the pulses was
reduced to one half. In this experiment the represented signal
is the amplitude of the acoustical signal divided by the cor-
responding pulse energy. This procedure keeps away the ob-
vious dependence of the signal with the energy of the excit-
ing pulse and buffers the effects of laser power fluctuations.
The normalized PAS signal was registered as a function of
the pulse number. In Fig. 2~b! the experiment was repeated,
but in this case the crystal was not previously irradiated up to
t50 s ~it starts free of TR defects!. The crystal was excited
with the same fluence as in the previous case ~for t.0). In
both measurements, the signal registered takes asymptoti-
cally to a constant value after nearly 30 excitation pulses.
Assuming that TR defects are generated under UV exci-
tation, experiment ~a! represents the time evolution of the22410photoacoustic signal starting from a sample with a great
number of TR defects. As time goes on after t50 s, there are
less of them because the UV energy has been reduced. On
the other hand, experiment ~b! shows the time evolution of
PAS starting with a bleached crystal ~without TR defects!,
that evolves to a situation with a stationary amount of TR
defects. After the equilibrium concentration is reached, the
acoustic signal remains the same in both cases. In this situ-
ation the concentration of TR defects reaches a steady-state
regime: TR-defects relaxed between consecutive pulses
equals the amount of TR defects generated by a single pulse.
Despite the complexity of the dynamical process governing
the relaxation between consecutive pulses, it is reasonable to
assume that the decay time scale is several seconds. It is
clear from the results of both experiments that the acoustic
signal follows, at least in part, the number of TR defects as it
was predicted in the two step model. But some contribution
of the heating produced by the relaxation of generated TR
defects ~one step model! cannot be discarded.
Acoustic signals were also generated irradiating the crys-
tal with pulses at l5532 nm after the sample was treated
with several UV pulses in order to generate some amount of
TR defects. Figure 3 shows the dependence of the photoa-
coustic signal generated by a single pulse at l5532 nm as a
function of its energy. In this experiment, the crystal was
previously irradiated by 15 pulses of l5266 nm. Laser was
working at 1/1.5 Hz and UV energy ~single pulse energy and
number of pulses! was kept constant for every measurement
with the aim of generating the same amount of TR defects.
PAS was measured by using l5532 nm pulse ~1.5 s delay!
after the UV radiation has been stopped ~see insert in Fig. 3!.
As it can be seen, it is obtained a linear dependence between
FIG. 2. Time evolution of the acoustic signal when a KDP crys-
tal is irradiated with a train of pulses of l5266 nm separated each
one by 1.5 s. ~a! the crystal was prepared previously by irradiation
with higher energy-UV pulses, as is indicated, ~b! crystal without
any previous irradiation.2-3
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for energy level below 12 mJ.
A. Lifetime measurement of KDP transient defects
From results of Fig. 3 and taking into account that green
pulses do not generate TR defects, it can be concluded that
green irradiation at l5532 nm only generates PAS signals
by the mechanism described as the ‘‘two-step model.’’ That
is, TR defects are generated during UV radiation and are
excited by green absorption. The mechanism responsible for
the acoustic signals is the heat released to the medium by a
nonradiative decay of the excited state of the TR defects. In
addition, PAS pulses generated by green excitation below 12
mJ energy do not make any important reduction of the
amount of TR defects. Considering these facts, we postulate
that PAS is directly proportional to the TR defect concentra-
tion in the sample. So, the PAS generated by consecutive l
5532 nm pulses with energy ,12 mJ is used to follow the
time evolution of the concentration of TR defects. The irra-
diation scheme was as follow: first, the sample is irradiated
with enough UV pulses ~rate 0.5 Hz! to get a stationary
concentration of TR defects and a constant photoacoustic
signal; then, the sample is irradiated with green pulses ~2 mJ!
simultaneously with the UV pulses; and finally the UV is
stopped and the acoustic signal registered by consecutive
green pulses starts to decay as the concentration of TR de-
fects does ~Fig. 4!. Time zero value for green photoacoustic
signal was determined by subtracting the signal correspond-
ing to UV from the signal corresponding to simultaneous
excitation by UV plus green pulses.
Signals decay in a clearly nonexponential way and nearly
40 s are necessary to reduce the signal to one half of the level
reached under UV irradiation. Similar results were obtained
with probe green pulses of higher energy ~10 mJ! or lower
energy ~0.4 mJ! and in experiments with different time sepa-
ration between pulses ~0.1–3 s!.
FIG. 3. Amplitude of the detected acoustic signal as a function
of pulse energy of an exciting single pulse of l5532 nm. As it is
indicated in the inset the crystal was previously irradiated with sev-
eral UV pulses of l5266 nm.22410Time-decay results of Fig. 4 can be fitted by an appropri-
ate function that describes the time evolution of TR defects.
There are several functional forms in the literature to do that,
but we prefer to use the same expression used by Davis,
Hughes, and Lee8 to compare our decay times with their
results. Error function expression, N(t)}Erf@(td /t)1/2# , de-
duced from the theory developed to describe the annealing of
crystalline TR defects in irradiated germanium was used. It
FIG. 4. Time decay of the acoustic amplitude generated by 532
nm pulses (E52 mJ, time separation 5 2 s! in a KDP crystal. The
sample was irradiated with UV pulses up to time zero; after that it
was probed by the green pulses. Transient absorption of a con-
tinuum He-Ne laser at l5633 nm is shown in the inset; in this case
UV irradiation starts at 3.7 s and stops at 11.3 s.
FIG. 5. Time decay of concentration of TR defects. ND and ND0
represent the concentration of TR defects at any time and in t
50 s, respectively. Fitting function is Erf @(td /t)1/2# as it was used
in Ref. 8.2-4
PHOTOACOUSTIC CHARACTERIZATION OF TRANSIENT . . . PHYSICAL REVIEW B 69, 224102 ~2004!corresponds to the diffusion of a trap from a random gener-
ated position till it reaches the recombination point. Best fit
was obtained for td5(860.5) s. Calculated values for td
511 s and for td55 s are also shown in Fig. 5 to remark
that adjustment is more critical at longer times. For the fitting
function used, the time necessary to reduce the signal to 1/e
is equal to 8.653td569 s. This characteristic time was used
for the exponential approximation also shown in Fig. 5.
Taking into account that KDP TR defects absorb in the
visible part of the spectrum, its decay time can be also de-
termined by measuring the optical attenuation produced in
l5633 nm cw laser beam as a function of time. The inset in
Fig. 4 shows the evolution of the transmitted intensity of a
He-Ne laser before, during, and after UV irradiation. Trans-
mitted beam was strongly affected at short times ~several
milliseconds!, during and immediately after every UV pulse
pump. Optical transmission measurements shown in the inset
of Fig. 4 can also be fitted by appropriate function. Optical
density ~OD! equal to @2log(It /Ii)# can be calculated from
measurements of transmitted intensity (I t) and incident in-
tensity (I i). As usual, the concentration of TR-defects can be
assumed proportional to OD. In Fig. 6 it is represented the
decay of the OD after the UV pulses were stopped. Decay
can not be fitted by one simple expression and two charac-
teristic times seem to be involved. Fitting by two Erf are
used in Fig. 6 given characteristic times of 20 ms and 8 s.
The characteristic time of 8 s is the same one found using the
acoustic technique.
IV. CONCLUSIONS
In this work we characterized the origin of the photoa-
coustic signals generated in KDP crystals under laser pulsed
FIG. 6. Time evolution of the optical density during and after
the last UV pulse ~fired at t56.57 s). Experimental points are cal-
culated from the inset in Fig. 4. Fitting function corresponds to the
superposition of two decays adjusted with error functions; ampli-
tudes A and B for best fitting were 0.028 and 0.018, respectively.22410radiation. Acoustic waves are due mainly to nonradiative re-
laxation after linear absorption by transient TR defects.
Those defects are produced by two photon absorption of UV
pulses and they absorb linearly quite strongly in the visible
and near UV. Then, once the TR defects are generated, irra-
diation with nanosecond pulses of visible light will produce
high level of acoustic signals. We deduce that the most im-
portant fact of photoacoustic generation in wide band gap
crystals with the property of photoinduced TR defect forma-
tion is the interaction of photons with TR defects and not the
heating of free carriers during the first stage of the process.
On the other hand, we use this property to measure the time
decay of the generated TR defects by means of a new pho-
toacoustic method. It consists in recording in time the evo-
lution of the amplitude of the acoustic signals generated in
the crystal by visible pulsed light. These signals are directly
proportional to the amount of TR defects.
The differences found between the photoacoustic mea-
surements and the pure optical absorption measurements in
the study of the TR defects kinetics, are not completely clear.
Despite the fact that we cannot work with short delays be-
tween the last UV pulse used to generate the TR defects and
the first green pulse used as a probe, we do not observe an
appreciable change between the population at t50 s or t
50.5 s. This difference was less than 5%. In the optical
measurements we observe that more of 50% of the initial
population was gone in less than 0.1 s.
We believe that our optical experiment can be altered by
thermal lensing or beam self-deformation of other origin.18
For materials such as KDP with dn/dT,0 ~where n is the
refractive index and T the temperature!,20 the transient ther-
mal lens is divergent. In pump-probe experiments, this fact
yields a reduction in the transmitted probe intensity during
and immediately after the strong pump beam. This result can
be confused with a true OD if the experimental setup is not
specially prepared to avoid it. This fact can be more impor-
tant for low OD measurements. In our case OD was less than
0.05 while in other experiments OD’s near 0.5 were
reported.7 The characteristic time for thermal lens distur-
bance in pulsed-laser experiments is related with the diffu-
sivity of the sample and the radius of the spot of the heating
beam.21 For KDP, calculated values for our experimental
conditions are tenths of milliseconds. Our measurement for
t2 in Fig. 6 is in this range.
Other mechanism for beam self deformation can be due to
the refractive index change associated with high densities of
free electrons or with the amount of TR defects itself. A
reduction in the refractive index when defects are created
was reported;9; the effect on transmission will be similar to a
thermal lens and the OD could be overestimated. A recent
work22 shows that two kinds of TR defects can be generated
in KDP crystals after UV irradiation. The first kind has a
very short lifetime and it could be associated to H0 atoms or
(PO4H2) self-trapped hole centers. These defects could be
responsible to the first stage of the OD decay measured in
our experiment after UV irradiation. We believe that PAS
experiments for the first millisecond of the decay time of TR2-5
MATOS, TORCHIA, BILMES, AND TOCHO PHYSICAL REVIEW B 69, 224102 ~2004!defects can be an important tool to analyze the physical phe-
nomenon at this relaxation time.
As it is well recognized, photoacoustic provides an excel-
lent method to study samples with very small absorption. We
show here how this advantage can be used to characterize the
kinetic of TR defects generated in KDP crystals by UV ex-
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